Numerical simulations and an analytic approach based on transmission line theory are used to design splitters for nano-plasmonic signal processing that allow to arbitrarily adjust the ratio of transmission from an input into two different output arms. By adjusting the geometrical parameters of the structure, either a high bandwidth or a sharp transmission resonance is obtained. Switching between the two arms can be achieved by modulating the effective refractive index of the waveguide. Employing the instantaneous Kerr effect, switching rates in the THz regime are potentially feasible. The suggested devices are of interest for future applications in nanoplasmonic information processing.
Introduction
Coupled oscillations of the electromagnetic field and the density of the free electron gas at a metal-dielectric interface, called surface plasmon polaritons (SPPs), provide means to effectively confine optical excitations in nanoscale volumes. In combination with the ability to manufacture metal nanostructures using electron beam lithography or focused ion beam milling this allows for the investigation and manipulation of electromagnetic fields at a length scale that is much smaller than the wavelength of light.
In particular, subwavelength plasmonic waveguides might lead to new information processing technology that combines the advantages of integrated electronics and photonics: high operating speed and small spatial extent [1] . Currently, various types of plasmonic waveguides are investigated in this context, including metal stripes [1, 2] , wedges [3] , nanoparticle arrays [4] [5] [6] [7] , and metal-insulator-metal (MIM) waveguides of different geometries [8] [9] [10] . All of these waveguides exhibit comparatively large damping of SPPs due to Ohmic losses in the metal. This, however, may be overcome by new concepts that enable low-loss plasmon propagation either by introducing a high-gain material into the waveguide [11] or by making use of the reduced damping in hybrid metal-semiconductor waveguides [12] . Moreover, nanoscale coherent plasmon sources [13] [14] [15] and detectors [16] as well as functional elements like splitters [17] [18] [19] [20] [21] , multiplexers, frequency filters [22, 23] and switches [24] [25] [26] are being developed. Coherent control concepts also provide fascinating perspectives in the context of nanoplasmonic circuitry [6, 7, [27] [28] [29] since it provides full control over the temporal development and interference of all accessible Eigenmodes.
In the present work, signal splitters are proposed which owe their functionality to finitelength transmission line sections branching off a main line -so-called stubs [21] . We analyze these splitter structures by means of two-dimensional finite-difference time-domain (2D-FDTD) simulations [30] and compare the results to transmission line theory (TLT) [17, 31] . Since damping is included in our analytical model, the results of TLT provide a valuable guideline to find initial design parameters and trends which can then be further optimized by 2D-FDTD simulations.
In the basic design of a splitter structure that is proposed in this work, a stub of length l is attached at a distance d from a three-arm junction, as depicted in Fig. 1 . As is well known from radiowave technology, this stub acts as an impedance connected in series to that of the left main line. The impedance of the stub can be tuned by changing its length [31] and width. It is therefore possible to arbitrarily adjust the transmission to either of the two output channels simply by choosing a suited geometry. A bandwidth of 25nm is achieved at a center wavelength of 800nm, making the device capable of splitting femtosecond plasmon pulses. For a different choice of geometry, sharp transmission resonances are obtained which can be exploited to achieve both, frequency dependent splitting or active switching. The latter can be achieved by modulating the effective refractive index of the waveguide by employing any nonlinear effect.
In Sec. 2 we first describe the theoretical model and the simulation properties before we discuss the suggested broadband splitters in Sec. 3 and switches in Sec. 4.
Simulation properties and theoretical model
All simulations are done with a commercial software package [32] . We employ a subwavelength, single-mode, two-dimensional MIM (gold-vacuum-gold) waveguide as basic structure. This corresponds to a three-dimensional gap waveguide of large extent in the third dimension, as investigated in various studies [10, 16, 21, 24, 26] . The dielectric constant of gold is modeled by a fit to experimental data [33] . A mode source [32] injects the single guided mode. In order to obtain the frequency-dependent response function, we employ a broad Gaussian spectrum that corresponds to a 5 f s (FWHM) laser pulse centered at a wavelength of 800nm. Spectra are obtained by a Fourier transformation of the time-domain data and subsequent normalization to the source power [29] . A mesh spacing of 1nm is used in all simulations. Convergence checks lead to the conclusion that this is sufficient for accurate results. In order to absorb all energy at the edges of the simulation area, 100 perfectly matched layers [30, 32] (with the normalized imaginary electric and magnetic conductivity κ = 200 and the maximum normalized electric and magnetic conductivity σ = 0.08) are employed, leading to reflection coefficients of less than 10 −4 over the complete investigated wavelength range (700 − 900nm).
With the goal to predict the geometry that is necessary to achieve certain transmission characteristics, transmission line theory (TLT) is employed. In the framework of TLT, which is routinely applied to microwave circuits, networks of transmission lines can be treated as circuits of interconnected impedances. As has been shown recently [9, 17, 21] , TLT can also be used at optical frequencies to approximately determine e.g. reflection coefficients at subwavelength MIM waveguide junctions. The characteristic impedance Z 0 of the waveguide -defined as the ratio of current and voltage in a waveguide -is approximated by [17] 
Here, b is the width of the waveguide, ε 0 the free-space dielectric constant and ω the angular frequency of the guided plasmonic mode. Re[] denotes taking the real part. γ is the complex propagation constant of the guided modes that determines the effective wavelength (imaginary part) and damping (real part) per unit length in a waveguide. Although Eq. (1) is an approximation to the true Z 0 , it is found that the accuracy is sufficient to obtain reasonable agreement between TLT and FDTD-simulations. In particular Z 0 is real in this approximation, corresponding to a lossless line. This nevertheless yields reasonable results, since
]. An alternative method of approximating the impedance of a certain waveguide is introduced in [9] , which yields a complex impedance and is not restricted to 2D waveguides.
For real values of Z 0 , the power reflection coefficient R at a load Z load , connected to a waveguide of characteristic impedance Z 0 , is given by [31] 
The input impedance of a waveguide of length l W G that is terminated by Z load is then [31] 
In this work, we will employ stub structures that consist of a waveguide of length l that is terminated by a short circuit [21] , which means that Z load = 0 in Eq. eq:InputImpedance. Thus, the input impedance Z in,stub of a stub consisting of a waveguide of characteristic impedance Z 0,stub is given by Note that the input impedance is purely imaginary when Ohmic losses are neglected [21] , since
where the characteristic impedance of the stub, Z 0,stub , is a real number. This means that no energy is absorbed inside the stub and all incident intensity will be transmitted or reflected. This approximation [Eq. (5)] is useful only for small stub lengths and large wavelengths. However, in real structures, the damping has to be included to provide accurate results. Therefore, the real and imaginary part of γ has been obtained for several waveguide widths b and wavelengths using a mode solver [32] . This in combination with Eq. (1) allows us to include the damping in the stub structures in the theoretical model and to compare FDTD simulation results with TLT for arbitrary geometrical parameters. As a first step towards the proposed splitter structure, the influence of the width of an attached stub on the transmission and reflection has been studied in a set of simulations, where a single stub is attached to a waveguide of 30nm width, as depicted in Fig. 2 . Subsequently, the stub width has been varied between 10 and 80nm and its length between 0 and 500nm -both in steps of 10nm.
In Fig. 3 , the reflection is plotted as a function of stub width and length for the FDTD sim-ulation [ Fig. 3(a) ] as well as for TLT [ Fig. 3(b) ]. We observe that the shape of the reflection maxima depends on the stub width. Thinner (thicker) stubs lead to sharper transmission minima (maxima). Thus, the width of the transmission resonance can be tuned by an appropriate choice of the stub width with respect to the extent of the waveguide. The FDTD and TLT images show qualitative agreement, leading towards the conclusion that the chosen analytical approximation for Z 0 is reasonable and TLT can also be applied to approximate the transmission characteristics of stub structures of different width than the waveguide they are attached to. However, the FDTD reflection minima and the transmission maxima (not shown) are a little broader than expected from TLT. In spite of these deviations, we believe that TLT is useful for the design of nanoplasmonic functional elements. It provides an intuitive model that allows to understand the response of the investigated structures and to analyze the underlying mechanisms. Although accurate quantitative predictions are not possible, one can use TLT to calculate an approximate spectral response of a certain structure that can be used as a starting point for FDTD optimizations, which then give accurate results. We have employed TLT to identify the main geometrical parameters to implement the different functionalities of splitter structures that will be presented in the following.
Broadband splitters
In this section, we show how the reflection coefficient and the transmission ratio in the splitter device depicted in Fig. 1 can be manipulated by varying characteristic geometrical parameters of the structure. For simplicity, the stub and waveguide width are chosen identical in this section, so Z 0,stub = Z 0,waveguide ≡ Z 0 .
In order to obtain the input impedance Z in,splitter of the whole structure, we substitute for Z load in Eq. (3) the sum of the input impedance of the stub [calculated with Eq. (4)] and the impedance of the left waveguide (Z 0 ), and we consider the correct distance d. Thus we obtain
We then calculate the reflection R splitter by inserting for Z load in Eq. (2) the sum of the two input impedances at the first junction, i.e. the value from Eq. (6) for the left part and Z 0 for the right part. Thus we arrive at
Note that this expression depends only on the waveguide parameter γ and the geometry. A waveguide intersection corresponds to a series connection of the output impedances, known from classical TLT [31] . Therefore, to obtain the transmission to one arm of the junction, one has to divide the real part of its impedance by the real part of the load, which in the present configuration corresponds to the sum of the impedances of both arms. For the right arm in Fig.  1 , this yields
For the left arm comprising the stub, the transmission is calculated for both intersections consecutively. The damping upon propagation in between the intersections is included in the model by a multiplication with e −Re[γ]d . For the left arm in Fig. 1 , this leads to
. From the results calculated with Eq. (7), (8) and (9), one expects that the transmission to both arms strongly depends on the stub length and its distance from the junction. A corresponding plot of the transmission to the right arm is shown in Fig. 4(a) . The axes are rescaled to the effective plasmonic wavelength λ e f f = 2π Im [γ] of the guided mode that depends on the imaginary part of the propagation constant Im [γ] and, thus, on the material and geometry of the waveguide. The analytical model is compared to a set of 2D FDTD simulations at a wavelength of 700nm, depicted in Fig. 4(b) . Qualitative agreement can be seen regarding the position and amplitude of the minima and maxima. However, the FDTD transmission maxima are broader and shifted. In  Figs. 4(c) and 4(d) , the FDTD transmission to the left arm and the overall reflection are shown, respectively. Also here, qualitative agreement between simulation and theory is observed (not shown).
At its maximum, the transmission reaches ∼ 40% to the left arm comprising the stub [red areas in Fig. 4(c) ] and ∼ 80% to the other arm [red areas in Fig. 4(b) ]. The sum of the transmission to both arms is larger than 70% for most of the investigated geometries, making the splitter device quite effective given the large propagation loss in nanoplasmonic waveguides. The structure can be used to adjust the ratio of reflection and transmission to each arm by choosing an appropriate geometry for which the ratio of the input impedance of the left arm and the characteristic impedance of the right arm corresponds to the desired transmission ratio. In both depicted structures, the analytically calculated (dashed) and the FDTD (solid line) reflection (thick, light blue) and transmission to the left (red) and right (black) arm remain quite constant over a range of more than 25nm around the center wavelength of ∼ 800nm. This means that the device is capable of splitting near-infrared plasmonic signals in the femtosecond regime without major bandwidth-related pulse distortions. Note that a comparably high bandwidth is also achievable at any other splitting ratio. For this purpose it is important to choose both the stub length and the distance to the junction as small as possible for the intended ratio, so that the effective length l λ e f f and distance d λ e f f will vary as little as possible for different frequencies. Short distances are advantageous in any case because losses are minimized and maximal miniaturization is achieved. However, the use of long stubs also allows for applications that require a frequency-dependent split. This will be discussed in more detail below.
In addition to its high bandwidth, the proposed structure offers several advantages compared to other splitter geometries [17] [18] [19] [20] [21] . It is to our knowledge the smallest device that allows for an arbitrary-ratio split of ultrafast plasmonic signals on a nanoscale and with low back reflection. Moreover, its design is quite simple, and compatible with current nanofabrication techniques.
The working principle of the structure can be generalized to more complex designs. It is, e.g., possible to split a signal to two waveguides of different width and adjust the transmission ratio: The formulas for the input impedance of the splitter can easily be modified for waveguides of different impedances and the obtained values can be used to tune the stub length as mentioned above. If low back reflection is of high importance, even better results are achievable with a second stub that is attached to the other (right) arm. This allows to modify the input impedance of both arms in such a way that their sum equals the characteristic impedance of the input waveguide and, thus, R = 0 in Eq. eq:RefCoeff. However, this will increase the dimensions of the splitter structure and the losses. Since it might also lead to a reduced bandwidth and complicate the fabrication of the structure, the easier design comprising one arm is probably better suited for most applications.
Wavelength dependent splitters and switches
In the following, the application of the proposed splitter structure as a switch for femtosecond plasmonic signals on a nanoscale is investigated. The working principle is to shift the spectral transmission maximum in a structure with a steep wavelength dependent transmission curve by varying the effective stub length
on a fast timescale. This in turn can be achieved by a modification of the effective index n e f f of the terminated waveguide, e.g. by a variation of the index of the insulating core using the Kerr effect or an active medium in the gap [26] . As well, a DC voltage or a manipulation of the dielectric constant of the metal via a coherent nonlinearity [34] might be employed. We note that the nonresonant optical Kerr effect offers a quasi-instantaneous response which is a reason for its usefulness in femtosecond laser pulse characterization [35] . Hence also in our case the Kerr effect in principle allows ultrafast switching.
Since the change in n e f f is usually limited to a few percent, steep transmission resonances are required to achieve switching; these can be achieved in splitters if a thin stub is attached to a thicker waveguide. In the following, the working principle of the proposed device is illustrated by means of FDTD simulations. For this purpose, a splitter (stub and output waveguide width: 10nm; input waveguide width: 80nm) is investigated where a dielectric material of refractive index n = 1 forms the insulator of a two-dimensional MIM waveguide. A stub is attached to each arm of the structure as depicted in Fig. 6(a) . In Fig. 6(b) , a 200 f s Gaussian-envelope plasmonic signal is shown before (black) and after (red) passing through this structure. Since both the spectral transmission and the spectral phase response of the structure are rather flat, almost no pulse broadening is observed.
As mentioned, the output power to the arms of the splitter is dependent on the ratio of their impedances. Therefore, the geometry has been chosen in such a way that for n = 1, λ = 810nm, the impedance of the left arm takes a very high value, while it is small for the right arm. This leads to a high transmission to the left arm. However, when the refractive index is changed by 5%, the effective stub length changes in such a way that the input impedance of the right arm gets much smaller, while that of the left arm increases. Therefore, the transmission is switched to the right arm. This is illustrated by two simulations. In Fig. 7(a) , the transmission curve to the left (red) and right (black) arm of a splitter structure is shifted when the refractive index of the core is changed from n = 1 (solid line) to n = 1.05 (dashed). The transmitted intensity of a 200 f s (FWHM) plasmon pulse centered around λ = 810nm is depicted in Fig. 7(b) ; it has been calculated by a multiplication of the input spectrum with the spectral transmission [shown in Fig. 7(a) ]. It can be clearly seen that the transmission ratio between right and left output is switched from 6:1 (n = 1) to 1:6 (n = 1.05).
As already mentioned, the working principle of the proposed switch is not restricted to a certain kind of nonlinearity. In the structure discussed above, an increase in the refractive index of 5% is sufficient for switching. However, this value can be further reduced when longer stubs are used -at the price of a reduced bandwidth, larger spatial extent and higher losses. The design of real functional elements therefore has to be adjusted to the magnitude of the nonlinearity. Combination of the nanostructure with suitable materials of high Kerr nonlinearity can make the 5% change feasible. We can calculate the achievable index change Δn via Δn(t) = n 2 I(t), where n 2 is the Kerr coefficient and I(t) the optical intensity. As an example for large-Kerreffect materials, n 2 values for Se-based chalcogenide glasses have been reported up to 500 times larger than for regular SiO 2 glass, reaching 1.7 × 10 −13 cm 2 /W [36] . Requesting Δn = 0.05 with such a material, a peak intensity of 3 × 10 11 W/cm 2 would be required. At a switching-pulse duration of 200 fs (corresponding to the bandwidth of the switching device) and an effective area of (400nm) 2 (roughly corresponding to the size of the device), we can thus estimate the required pulse energy to be 100 pJ. We expect this should be feasible without introducing damage [37, 38] . This is true especially since the local field enhancement of the nanostructure leads to a further reduction of the required switching-pulse energy. Intensity enhancements of two orders of magnitude over length scales of 1000 nm have been observed [9] .
Since the spectral bandwidth of the switchable plasmon signal corresponds to a pulse duration of 200 f s and the Kerr effect is quasi-instantaneous [35] , switching might be possible on a timescale of 200 f s. MacDonald et al. have also observed reaction times below 200 f s [34] . The dispersion properties of the material are of little concern for possible pulse-shape modifications because the propagation length is so short, see also Fig. 6(b) . Thus the maximum achievable rate is estimated to be in the range of a few THz -three orders of magnitude faster than current electronic devices. Further experimental and theoretical investigations are required to deduce the ultimate limit on the maximum achievable speed of operation.
Summary
In conclusion, it has been shown that stubs can be applied to design nano-scale power-efficient arbitrary ratio splitters that provide the major advantages of plasmonic devices -high operating speed and small spatial extent. The spectral response can be tuned by changing the width and length of the stubs. By changing the refractive index in a structure with sharp spectral response, switching can be achieved with a comparably high bandwidth. In contrast to previously proposed plasmon switches [24] [25] [26] , the structures that are investigated in this work can be used to switch the incident energy between either of two output channels. The achievable switching speed is limited by the timescale of the refractive index change and the switching bandwidth. For the structure analyzed here and the instantaneous Kerr effect, switching rates in the THz regime should be possible in principle, three orders of magnitude faster than what is achievable with current electronic devices. Future experimental studies on plasmon propagation in subwavelength waveguides are likely to show the feasibility of the proposed concepts.
